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ABSTRACT
The American University in Cairo
Participation of 414DDDD417 and 432KPAR435 in the Thermostability of Mercuric Reductase
isolated from the Deep Brine Environment of Atlantis II in the Red Sea
By: Ayman Yehia Abdelhalim
Supervised by: Dr. Hamza El Dorry (Advisor) & Dr. Ahmed Sayed (Co-advisor)
Mercuric reductase (MerA) is an essential enzyme for the survival of microorganisms that reside
in environments containing mercuric compounds. The enzyme converts the extremely toxic
mercuric ions (Hg2+) into the less toxic volatile elemental mercury form (Hg 0). A novel MerA
molecule that has undergone multiple evolutionary adaptations to allow its host to cope with the
harsh multiple abiotic stressors of the lower convective layer (LCL) of the Atlantis II (ATII)
brine environment in the Red Sea has been recently characterized catalytically and structurally
(JBC, 2014, 289,1675–1687). The brine pool at Atlantis II Deep covers an area of about 60 km2
and is located at a depth of 2000 to 2200 meters in the central region of the Red Sea. The LCL,
the bottom layer of this pool, characterized by a unique combination of environmental conditions
such as extreme salinity (26%), high temperature (68°C) and hydrostatic pressure, acidic pH
(5.3), low light levels, anoxia, and high concentrations of heavy metals. The gene encoding this
enzyme was identified in a metagenomic dataset established from microbial community resides
in the LCL environment. The metagenome-derived MerA enzyme (ATII-LCL MerA) has simple
and limited alterations in its primary structure relative to that of an ortholog from uncultured soil
bacterium. Both enzymes are >91% identical and 67% of the substitutions in the ATII-LCL
enzyme are acidic residues. The ATII-LCL molecule has also two short segments near the Cterminal, each containing two basic amino acids and a proline residue, here called box1
(432KPAR435) and box2 (465KVGKFP470). These alterations were found to reflect critical
differences of the catalytic properties of the recombinants soil and LCL-ATII MerA enzymes. In
contrast to the soil enzyme, the ATII-LCL enzyme is stable at high temperature, functional in
high salt, resistant to high concentrations of Hg2+, and efficiently detoxifies Hg2+ in vivo. Sitedirected mutagenesis of selected acidic residues showed direct effect on the halophilic nature of
the enzyme, while replacement of the two boxes by the residues found in the soil ortholog
reduced the degree of thermostability of the ATII-LCL enzyme. To better understand how the
two boxes contribute to the thermostability of the ATII-LCL enzyme, we determined by
homology modeling the 3D structure of the ATII-LCl and located acidic residues that potentially
can establish ionic bonds with the basic residues located in the two boxes. An aspartic residue
(D416) located within a stretch of four aspartic acids ( 414DDDD417) was found to have a potential
proximity to be involved in an ionic bond with lysine 432 located in box1. Replacement of the
four aspartic residues, 414DDDD417, by those found in the corresponding positions in the soil
enzyme by site-directed mutagenesis was found to reduce the thermostability of the enzyme,
while a triple mutant in which the two boxes and the four aspartic residues were mutated was
found to have a thermostability comparable to the mesophilic soil enzyme. Thus, this work
established that, in addition to the two boxes, the segment of the aspartic residues ( 414DDDD417)
is a pivotal for full thermostability of the ATII-LCL MerA.
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1. Introduction
1.1. Metagenomics
Microbes make up one third of the earth’s living organisms in terms of population [7] and
microbial genomes were estimated to be two to three times the combined plants and animal
genomes [8]. These microbes belong to complex communities that reside in different
environments such as soil, sea water, air, and human and animals bodies [9]. Due to the fact that
these microbes evolved and adapted to diverse environments with different abiotic factors and
nutritional conditions, they are expected to present vast diversities and most probably possess
different metabolic pathways, physiological processes, and novel genes. Microbes play important
roles in many aspects of our environment and life, from important role in nitrogen and sulfur
cycles to direct effects on human health and diseases [8].
Classical approaches of culturing microorganisms in the laboratories did not provide a
comprehensive information of the microbial communities that inhabit the different environments
[7] due to the fact that only 1% of microorganisms can grow using the typical available culturing
techniques [2]. So, traditional culturing of microbes excludes the majority of microorganisms
that reside in the planet’s diverse environments.
An approach called metagenomics – sometimes called ecogenomics, community
genomics, or environmental genomics – was developed to gain information regarding the
physiological processes and the metabolic pathways of the uncultured microorganisms. In this
approach, total DNA – environmental DNA – is isolated from the microbial communities that
reside in the environment under study, and then used in DNA sequencing processes to reveal the
diversities and also the genes content of the microbes that reside in such environment. This
approach has allowed to study the genomes of microbial communities skipping culturing process
[2, 10]. Among the pioneers in this field were Jefferey Stein and his colleagues when they
constructed a fosmid metagenomic library from planktonic marine archaeon and sequenced a 40kilobase-pair genome fragment [11]. This followed by the work of Jo Handelsman and
colleagues in 1998 as they directly cloned genomic DNA fragments from a soil microbial
community in E. coli using Bacterial Artificial Chromosomes and introduced the idea of
metagenomics [12].
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Environmental genomic DNA can be used to determine the phylogenetics classification
and the genome contents of microbial communities in a specific environment. In addition, novel
genes can be mined and identified in metagenomic datasets for further synthesis and expression
in heterologous system such as E. coli. The different metagenomic approaches that were
developed for these propose are summarized in Figure 1 and described below.

Figure 1: Metagenomics approach
The whole DNA is extracted from an environment sample, and then three tracks can be followed
according to the aim of the experiment. (A) 16sRNA phylogenetic studies. (B) Direct DNA sequencing
for structural analysis. (C) Library construction including functional screening that discovers novel
proteins and enzymes or sequence based screening that primarily study the metabolic potentials and also
can discover novel genes.[2]
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1.1.1. Phylogenetic analysis.
In this approach, the hypervariable region of the small subunit (SSU) of the 16S rRNA
gene is amplified by PCR technique using oligonucleotide primers flanking the variable region
[13, 14]. The amplicons are then cloned, the variable regions sequenced by the Sanger chain
termination technique, and the bacterial diversities determined. A more comprehensive approach
is the massive pyrosequencing of 16S rRNA gene tags [8, 15]. This approach revealed the
complexity of microbial communities at different depth in the North Atlantic Ocean including
hydrothermal vents and the work stressed on the large portion of low-abundance bacteria that
contribute to the phylogenetic diversity [8, 15].
1.1.2. Structural-genomics analysis
Large-scale Whole Genome Shotgun (WGS) analyses of environmental DNA using highthroughput sequencing approach, such as the 454-pyrosequencing technique have revealed vast
microbial diversity, structure variations, novel genes, and explored the lifestyles of microbial
communities in different environments [16].
The WGS enabled scientists to study unknown genes and provided insights about the
metabolic pathways, physiological processes, and reveals a complete microbial genome
sequencing of microbial genomes in environments of low-biodiversity such as South African
gold mine [17].
Craig Venter and colleagues have done whole genome shotgun for the Sargasso sea near
Bermuda and it resulted in sequencing of 1.045 billion base pairs. Annotation of these vast
metagenome information revealed more than 1.2 million unknown gene and about 1800 genomic
species from which 147 new unknown bacterial phylotypes were discovered [16].
Another approach to analyze the environmental genome of microbial community is to
construct metagenomic libraries from its environmental DNA. In order for the metagenomic
library to represent the genomes of the majority of the microbial population inhabiting an
environment, an adequate approach for constructing the library and the choice of an adequate
vector and host cell should be carried out [7].
Libraries are constructed using cloning vectors with different capacity of the size of the
DNA fragments that will be inserted in the vector. For mass sequencing of environmental DNA
3

and assembly of the sequenced fragments, a vectors that support up to 10 KB are used [7, 18].
An example of this approach is the whole genome shotgun sequencing and assembly of the
environmental DNA isolated from the microbial community of the Sargasso sea [16]. On the
other hand, for functional screening of specific enzymatic activity or protein function, a large
insert should be cloned in vectors such as BAC, cosmids or fosmids [19] that support insert up
to 200 kb, 25-35 kb or 40 kb respectively [18]. Such cloning vectors can provide sufficient size
of genomic DNA required for operons and genes cluster detection [7]. In contrast, the smaller the
inserts in the library, the more the DNA information it gives, but less in terms of functional
genes searches [19].
1.1.3. Screening methods
Despite the massive annotated genes in the databases, they are considered not sufficient
to study new genes in metagenome dataset as the comparative studies reflect only the known
annotated genes. Therefore, both functional and sequence based methods must be used in parallel
to overcome this possible gap [20].
1.1.3.1 Functional-based screening approach
Basically the functionally screening approach depends on culturing of the metagenomic
library’s clones on a specific medium containing a substrate that could reflect the expression of
the target gene, for example the product of the reaction may be colored or having another visual
characteristic property for detection [21]. Examples are the detection of lipases by Berlemont and
his team [22] and proteases by Biver and his team [23]. Functional screening approaches help the
detection of clones expressing metabolic functions of interest. Although it may lead to new gene
families but they most probably lead to known functions. It can lead to detection of transporters,
novel antibiotic expressing genes, antibiotics resistance genes and biocatalysts. The idea of
delaying the sequence analysis in the beginning makes functional screening approach a time
saver. However, this approach faces many obstacles because some genes cannot be expressed
properly in a heterologous host cell in which the library has been constructed. Example of these
problem are: inadequate transcription process, poor protein secretion, codon preference usage,
and misfolding due to the absence of correct chaperones in the host cell [7]. Scientists are always
attempting to solve such problems through developing new screening techniques like the fusion
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of reporter proteins that detect the target gene expression [20]. In addition, special vectors,
promoters, and host cells were developed [7].
1.1.3.2. Sequence-based screening approach
Sequence based approach is commonly used when phylogeny or taxonomy is the aim of
the study. 16S DNA PCR is performed to gain insight about the phylogeny of the sample studied.
This analysis can provide some functional information about the samples examined but not a
confirmatory function. An example of screening libraries using phylogenetic approaches is the
identification of translation elongation factor 2 EF2 within 40 Kb of a recombinant fosmid [24].
Conducting random sequencing of metagenome recombinant clones followed by annotation of
the sequenced gene can also lead to informative results [7]. Screening libraries is also performed
through designing PCR primers to a conserved or homologous region of nucleotides in known
genes [20]. An example of this approach is the recent identification of the coding sequence of
Mercuric reductase in a metagenome dataset established from microbial community that reside in
the Atlantis II brine pool in the Red Sea, followed by expression of the gene and biochemical
analysis of the MerA enzyme [1]. In addition, synthetic oligonucleotide probes can be used to
screen metagenomics library through hybridization process [7, 25].
1.1.4. Metagenomics of marine environments
The marine environment covers about 71% of the earth’s surface and considered its
largest habitat. Moreover, it is thought to contain about 3.67 × 10 30 microorganisms [26]. It is
very diverse in terms of depth, temperature, pressure, and nutrients. Marine environments
include: shallow tropical water, deep oceanic water that can reach 11,000 Km in depth, high
temperatures areas such as hydrothermal vents, iced sea at polar areas, low pressure areas, high
pressure areas that can exceed 100 MPa, uniform salinity areas and, hypersaline areas. In order to
adapt to such divers environments microorganisms have developed interesting biochemical and
physiological capabilities. Microorganisms from the three major domains, namely Archaea,
Bacteria and Eukarya dominate the marine environments. The abiotic variations in the marine
environment have selected for microorganisms with unique and novel biochemical and
physiological properties [27]. In addition, because oceans are considered as a poor nutrient
environment, and to reduces the amount of energy required for cell replication, Pelagibacter
ubique–an abundant member of the SAR11 clade–has a compact and efficient genomic structure
5

which lacks introns, transposons and pseudogenes [27], and is the smallest genome reported
(1,308,759 bp) [28].
Oceans and seas have vast divers environments such as zones with different levels of
sunlight–sunlight zone (euphotic zone), zone with low level of light (disphotic zone), and
entirely dark zone (aphotic zone)–, harsh environment such as extreme halophilic, barophilic,
extremely hot niches, and cold habitats [29]. Therefore, marine microbes are efficient in nitrogen
fixing, light harvesting, nutrients recycling and have evolved vast capabilities to produce novel
enzymes and proteins to support their survival and growth in harsh environments [26, 29].
To highlight the amount of research done in the field, in 2004 Venter and colleagues have
used whole genome shotgun sequencing approach to analyze microbial communities in the
seawater samples from Sargasso Sea near Bermuda. This study has revealed the presence of
1800 genomic species, 1.2 million unknown genes and 782 novel rhodopsin-like photoreceptor
[16]. Study of the microbial diversity in deep sea and diffused flow hydrothermal vents showed
that this “rare biosphere” has one to two orders of magnitude more complex microbes than in any
microbial environment, and proposed that oceans may contain 10 6 kind of microbes from the
results he found [30].
Using sequence similarity clustering with metagenomics sequences from available
databases and 6.12 million proteins predicted from an assembly of 7.7 million Global Ocean
Sampling (GOS) sequences, Yooseph and colleagues indicated that new protein families are
being discovered and implied that available datasets are still fare from describing all proteins
families in nature [31].
In 2007, Cuadrado and colleagues proved that the microbial communities in the
mesopelagic zone (200m-1000m) in the pacific share similarity with the bathypelagic zone
(1000m-4000m) in the Mediterranean sea [32]. The study of North pacific subtropical gyre at
station ALOHA provided vertical zonation and the stratified of microbial assemblages from the
sea surface to the sea floor [33]. Moreover, to gain a broader understanding of the planktonic
microbes across sites in oceans, Konstantinidis and colleagues [34] have compared metagenomic
library of a microbial community located at depth of 4,000 m at station ALOHA in the Paciﬁc
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Ocean with another metagenomic data from surface and deep waters at another sites in the
Pacific.

1.2. Deep Brine Environment of Atlantis II in the Red Sea
The Red Sea is a 450,000 km2 extension of the Indian Ocean between Africa and the
Arabian Peninsula. It is estimated to be 3-5 million years old, and was formed due to the
separation of the African and Arabian tectonic plates. Its unique properties have made it a very
fertile source for studies. It is known with its high rate of evaporation due to the high temperature
together with lack of river inflows and the decreased level of precipitation, leaving the Red Sea
with high salinity [35].
There are 25 brine pools scattered along the Red Sea. They are recognized by their
hypersaline, anaerobic (anoxic), hyperthermal properties and high heavy metal content. These
deep hyper saline anoxic basins are remote and isolated. These brine pools offer very unique yet
harsh environments, rare and worth studying [36].
Atlantis II is the biggest brine pool in the Red Sea located near the central rift (21°13’ N,
37°58’ E) [35, 36] (Figure 2A). Scientists of Woods Hole Oceanographic Institute (WHOI)
discovered this brine on board their research vessel Atlantis II in 1963 and from then known with
that name [37]. This brine is composed of two basins; the biggest one is 6 x 13 km and the
smaller is 4 x 3km; both are connected via a narrow channel [36] (Figure 2B). Atlantis II covers
a total area of 60 km2 [35, 36] and reaches its final depth at 2194 m, making a brine pool of 200
m. Atlantis II deep is stratiﬁed into layers (multilayered) each of a steady salinity and
temperature [36]. This brine is composed of four layers: the lower convective layer (LCL) and
three upper convective layers (UCL1, UCL2, UCL3) [36]. The LCL is the saltiest layer (26%;
270 g/kg NaCl; 7.5 times the normal seawater), it is acidic (pH 5.3), and reach a temperature of
around 68oC [36, 38].
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Figure 2: Atlantis II deep brine pool
A) Location of the Atlantis II basin. The figure shows the location of Atlantis II in the central region
of the red sea (21°13’ N, 37°58’ E) [39]. Atlantis II reaches its final depth at 2194 m, with
estimated depth of 200 m with a total volume of 17-20 km3 [35].
B) The two basins are shown in the figure, one estimated to be 6 x 13 km, and the other is 4 x 3km,
both covering an area of 60 km2 [36]. Both basins are connected via a narrow channel, Figures
taken from Antunes et al [36].

1.3. Protein adaptation to high salinity and temperature
Organisms inhabiting extreme environments, such as alkalophiles, acidophiles,
thermophiles, halophiles, psychrophiles and barophiles are equipped with unique proteins.
Surrounding media, where these microorganisms reside, selective for microorganisms that are
equipped with biochemical, structural, and physiological machinery to allow survival in such
harsh environments [40]. Below is a summary of protein adaptation to two extreme abiotic
factors, high salt concentration and high temperature.
8

1.3.1. Halophilic adaptations of proteins
Halophiles are very unique organisms that can tolerate extreme salinity, and many
Archaea and Bacteria domains belong to them [41]. The first scientist to categorize the salt
tolerant microorganisms was Donn Kushner about thirty years ago into; extreme halophiles that
optimaly grow in 2.5-5.2 M salt, borderline extreme halophiles that optimaly grow in 1.5-4.0 M
salt, moderate halophiles that optimaly grow in 0.5-2.5 M. The halophilic proteins are less stable
in low salt concentration than their non halophilic homologous. While halophilic proteins keep
their active conformations in high concentration of salts [40].
Halophilic microorganisms use one of two fundamental strategies to ensure osmotic
balance of their cytoplasm versus the surroundings environment: salt in strategy and salt out
strategy. In the salt in, microbes accumulate high molar concentrations of potassium chloride in
the cell cytoplasm. In this organisms the enzymatic machinery are adapted to high salt
concentrations. The salt out strategy is based on accumulation in the cytoplasm of organic
osmotic solutes such as Glycerol, L-proline, Ectoine, Glycine betaine [42]. Interestingly, these
high concentrations of organic solutes do not interfere with the enzymatic machinery activity so
the proteome in this case shows limited salt adaptation [42, 43].
Structural adaptation of proteins to high salt include: (1) more negatively charged or
acidic amino acid residues on the protein surface resulting in the formation of hydrated salt ion
network; (2) salt bridges with basic residues; (3) common dinucleotide abundance (CG, GA/TC
and AC/GT) in which their presence at 1 st or 2nd codons reveals the need for Asp, Glu, Thr and
Val amino acids in the halophilic proteins [41].
1.3.2. Thermophilic adaptations of proteins
The bacterial enzymes are classified according to their optimal activity at various
temperatures into: psychrophiles that function at 5 to 10 oC, mesophiles at 15 to 45 oC,
thermophiles at 45 to 80 oC and hyperthermophiles at above 80 oC [44]. Thermophilic and
hyperthermophilic enzymes belong to the extremozymes category. Extremozymes can tolerate
and function at very harsh conditions like high salinity, alkalinity, acidity, temperature, pressure,
etc [44]. Thermostable enzymes are recognized by increased van der Waals interactions, more
hydrogen bonds, more compacted secondary structure, higher hydrophobicity core, ionic
9

interaction and shorter surface loops [45, 46]. Meanwhile, thermophiles are thought to have
biased amino acid composition of generally more charged residues (Glu, Asp, Lys, and Arg) and
less polar ones (Ser, Thr, Asn, and Gln) [40, 47]. Comparison between thermophilic and
mesophilic proteins has shown that most of the differences are among the amino acids located at
the surface of the proteins rather than the interior, which is somehow similar to the halophilic
proteins [40].
1.3.3. Forces contributing to protein stability to high salinity and temperature
Proteins are polymers that are made from amino acid monomers. There are twenty amino
acid commonly found in proteins. All the amino acids in proteins are L steroeisomers. Only the
amino acids side chains make them different from each other in size, charge, structure and water
solubility. Amino acids are grouped according to the properties of their side chains into: (1)
nonpolar and hydrophobic side chains that have no tendency to interact with water; alanine,
valine, leucine, isoleucine, gylcine, proline and methionine; (2) aromatic side chains:
phenylalanine, tyrosine, and tryptophan; (3) polar uncharged side chains: serine, threonine,
cysteine, asparagine, and glutamine; (4) positively charged basic group: lysine, histidine and
arginine; (5) negatively charged acidic side chains such as aspartate and glutamate [48].
Proline is not typically an amino acid, it is an imino acid. The absence of hydrogen on the
alfa amino acid does not allow proline to stabilizes an alfa helix or a beta sheet as it has no N-H
hydrogen bonding donors to stabilizes these structure. Unlike common amino acids, rotation
about the alfa C-N peptide bond in proline is limited. In addition, proline residue has been
shown to contribute to the thermostability of various enzymes The pyrrolidine ring of proline
limits the structural flexibility of polypeptide regions containing it, and therefore it provides
structural stabilization at critical locations in proteins [49, 50].
The stability of protein is achieved when there is a balance between forces that
responsible for maintenance of its native structure, and the opposing forces that affect It [51].
Chemical bonds are forces that hold protein atoms together and are subdivide into two main
groups: (1) the covalent bond which is a strong bond, and (2) weak bonds such as the
electrostatic interactions (hydrogen & ionic bonds), Van der Waals forces and hydrophobic
interactions [52, 53].
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The covalent bond is a result of two atoms sharing their electrons. Only cysteine can use
its sulfhydryl side chain to perform disulfide bridges (covalent bonds). So cysteine is very
important for the protein structural folding and also in interaction with metals and in catalytic
activities [52, 53].
In electrostatic interactions no electron sharing takes place so they are weaker than the
covalent bond. However they contribute a lot to the stability of proteins’ three dimensional
structure [52, 53]. Ionic bond is kind of interaction formed due to the opposing charges of the
amino acids side chains (negatively charged oxygen and a positively charged nitrogen). Salt
bridges are kind of less recruited inside the protein hydrophobic core [52, 53]. Salt bridges are
studied heavily and are often engaged with important functions as enzymes binding sites,
molecular recognitions, allosteric adaptations and stability of protein. Experiments have shown
that salt bridges can affect helix formation, interact with other protein subunits and can also
maintain protein conformational stability [54].
Salt bridge is a pH dependant non-covalent bond between the ionizable groups or
residues that are oppositely charged to experience electrostatic attraction. Because salt bridges
may be repulsive or attractive, it might cause the molecule structure to reorder. Location of salt
bridges varies from being buried inside the protein molecule to the outside, where each of
different contribution to the protein stability. The negative charges of the salt bridge are given
from Asp, Glu, Tyr and Cys carboxylate groups (carboxylic oxygen), while the positive charge is
given from Arg, Lys, and His amino groups. And thus the free energy of the salt bridge is
influenced by the pH. Not only the pH but the distance between the acting groups also counts.
The charge-charge interactions are counteracted by the groups desolvation and molecules
ordering affecting the final net stability by the salt bridge, so this stability could be favorable or
unfavorable [51]. Two other components are important the salt bridge stability: the atomic
proximity which is the distance between the charged atoms involved, and the center of mass,
both contribute to the salt bridge and both should be around 4.00 Å [55]. The bond strength can
be calculated according to Coulomb’s law of electrostatic interactions [51].
The

thermostable

Indoleglycerol-phosphate

synthases

(IGPS)

from Thermotoga

maritime, Sulfolobussolfataricus, and the thermolabile (IGPS) from Escherichia coli share great
structural similarity. However the thermostable enzymes have seven more salt bridges than the
11

E. coli enzyme that has only 10 salt bridges. And this reflects how the salt bridges contribute to
the proteins theromstability [56].
Thermostability of protein has been always of importance to the industrial applications
because of their thermal stability when used as catalytic agents. [57]. Thermophilic proteins
where found to hold more salt bridges than their mesophilic counterparts which proves that they
influence the thermostability [54].
Water shell interactions are also relevant in protein stability. The charged amino acids
localized on the protein surface can interact with the surrounding solvents holding opposite
charges and so affect the protein solubilization and stability in the surrounding environment [52,
53].
Hydrogen bond is of great importance to stability of protein. It is a bond formed between
hydrogen atom and another electronegative atom such as oxygen or nitrogen. They participate a
lot in the protein backbone structure such as the formation of alfa helix and beta sheet [52, 53].
Another important interaction stabilizing proteins is hydrophobic interactions. In this
interaction, the hydrophobic side chains of some amino acids tend to interact together towards
the interior of the protein–forming a hydrophobic core–to save the energy that can be lost from
interacting with water molecules. These side chains that can form this interaction are provided by
residues of valine, leucine, isoleucine, methionine, phenylalanine, tryptophan and cysteine [52,
53].
Van der waal forces are also important in stabilizing proteins. This kind of interaction
happens when atoms has a nonuniform electron cloud, so the charge is partially less at certain
area of the molecule than the other. This creates a state of electric dipole. The Van der Waal
interaction is formed when different dipoles come to interact together in a short lived, weak
interaction. It depends on the distance between its participants as close interactions may turn into
repulsion [52, 53].
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1.4. Mercury toxicity and detoxification
Heavy metals pose a great cellular toxicity because their interference and catalytic
competition with the functional groups in the cell. The living organisms avoid this random heavy
metal ligand interaction through many mechanisms. Transporter proteins, sequestration,
metallochaperones and storage proteins are among the most important proteins involved in the
heavy metals trafficking. Usually reductases enzymes catalyze the reduction of toxic metal ions
into less toxic and a redox state which renders their elimination or make their transport easier
[58].
Mercury’s affinity to the sulfhydryl ligands in amino acids makes it the most toxic heavy
metal affecting protein structure and thus functions. Mercury is widely distributed through the
earth and can be converted into more toxic methylated forms. In general, the methylated forms
are produced by anaerobic bacteria. In addition, the methylated form of mercury is accumulated
in the marine, aquatic, terrestrial and leaked to the food supply chain affecting human beings
indirectly or directly. The reduction of inorganic mercury to gaseous volatile forms by bacteria
and archaea have accounted to mercury detoxification [4].
Methyl mercury is the most studied mercuric form and show a high thiol reactivity [59].
Heavy metals pose a serious problem due to their toxic nature and transfer into the food chain.
The mercury pollution raised the attention, when a plant fertilizer caused high levels of
methylmercury accumulation in fish and shell fish of Minamata Bay’s in Japan. This incident has
led to the death of 46 human. Also, in Sweden when the use of methylmercury and
phenylmercuric acetate (PMA) were used in seed dressing fungicides caused a big observed
decrease in the number of feed seeding birds. Methylmercury is mutagenic and is 100 times more
toxic than the inorganic mercury. Together the organic and inorganic forms are capable of
binding to the enzyme and membrane protein sulfhydryl groups and with their solubility in lipids
causing cytotoxicity. In the environment, the sources of mercury are anthropogeneic and natural.
Three valences are available for inorganic mercury, the metallic (elemental) mercury (Hg0), the
mercuric mercury (Hg2+) and the mercurous mercury (Hg+). Equilibrium is what governs the
availability of the three chemical forms. The methylmercury and Hg 0 are the mostly abundant
forms of mercury in the atmosphere, while the HgCl2 and Hg(OH)2 are the most abundant in
surface water and the HgS2 is the mostly found in sediments. The methylmercury has a volatile
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nature which makes methylation of mercury a detoxification by itself, although the methylated
form is more toxic than the inorganic form [60].
1.4.1. Mercuric reductase (MerA)
High concentrations of toxic metals are sometimes unable to stop the microbial existence,
due to the resistance mechanisms by the microbes that allows it to complex and sequester the
metals into less toxic forms [61]. The mercuric reductase enzyme (MerA) is considered the most
necessary enzyme in the mercury (Hg) detoxification, resistance and reduction from the ionic
Hg(II) to the volatile Hg(0) form [62, 63]. The majority of the reported MerA belong to oxic
habitats. Phylogenetics study has found some MerA to be divergent from thermophilic origins
yet assuming that the enzyme only exists in aerobic environment [61, 62]. It is all about the
redox reactions that make the biological systems work together or respond to the inorganic
metals [61].
1.4.1.1. Mode of action
Mercuric reductase enzyme contains FAD (Flavin Adenine Dinucleotide) that uses
NADPH (Nicotinamide adenine dinucleotide phosphate) as an electron donor and requires an
excess of exogenous thiols for activity. Thiols is important to insures that the Hg(II) is present in
the form of dimercaptide, RS-HG-SR [64]. The enzyme catalyzes the following reaction:
NADPH + RS-Hg-SR + H+ <=> NADP+ + Hg0 + 2RSH [64]
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The MerA enzyme functions in the reduction of mercury Hg(II) in the bacterial cell
cytoplasm, as it has a high affinity towards mercury thiols (Hg (thiol)2) [58]. The enzyme is a
homodimer, that utilizes FAD as a cofactor and NADPH for the mercury reduction. The enzyme
shares

homology with glutathione

reductase,

lipoamide

dehydrogenase

(LPD)

and

panthionereductase that belong to the pyridine nucleotide disulﬁde oxidoreductase family. The
MerA is often a member of an operon (Figure 3) which is usually composed of the following
proteins: MerP, a periplasmic protein that bind to the mercury; MerB, which is an
organomercurylyase which breaks down the carbon-mercury bond in the organic mercury
compound; MerA the mercuric reductase [4, 61]. In this process of conversion of ionic mercury
to organic mercury using NADPH as an electron donor, the enzyme needs external thiols
(reduced disulfide) at the active site to confirm the catalysis of the Hg(II) [64, 65]. The MerA
system and the organization of the MerA operon is presented in Figure 3.

Figure 3: MerA operon
A) A schematic representation of the mer operon. The figure shows genes present in some of the mer
operons: MerA mercuric reductase, MerB organomercury lyase, MerP periplasmic transporter, (MerT,
MerP, MerC, MerE, MerG) inner membrane tarnsporters, MerR transcriptional repressor, MerD
transcriptional activator. Sometimes an organolyase MerB is present to unbound the methyl mercury.
B) The cell wall is shown in dashed line as it is absent in some microbes; dashed arrows shows the
diffusion of Hg(0) and CH4, L = ligand. The figure shows the cellular mercury detoxifying mechanism.
The figure is taken from [4] with some adjustment.
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Sometimes the MerA operon is located on transposable elements such as the Tn501 [64]
[66]. The Tn501 MerA is well characterized structurally and functionally. The enzyme have a
catalytic redox-active cysteine disulfide pair (Cys-136/Cys-141) [65, 67] in the active site, and
cysteine pairs 11/14 [58, 68] and 558/559 involved in binding of Hg [65, 67], The two conserved
pairs of cysteine at the N- terminus, Cys11-14, are located within the conserved metal binding
motif GMTCXXC found in metallochaperones and the metal transporting ATPases [68].
The enzyme is a homodimer with two interface active sites (catalytic core), in which a
pair of inner cysteine (Cys-136/Cys-141) catalyzes Hg+2 reduction (redox-active pair) and an
additional two cysteine pair one located at the C-terminal (cysteine 558/559) and the second at
N-terminus domain (cysteine 11/14) serve to transfer Hg+2 to the cysteine redox-active pair [6].
Figure 4A shows the two dimers separately and Figure 4B shows the homodimer MerA.
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Figure 4: MerA three dimensional structure of the N-terminal domain and the catalytic
core
A) The two separate monomers of the enzyme are shown including the N-terminal domain. Yellow
spheres correspond to the sulphur atoms of the cysteines involved in Hg2+ binding and reduction.
Catalytic cysteine residues Cys-136/Cys-141; mercury binding cysteine residues 558/559; N-terminal
Cys11-14. Box1(unstructured loop), and Box2 (β sheet) are shown in green. These two boxes are present
only in ATII-LCL MerA.
B) The carton shows the homodimer MerA enzyme.
The 3D models were done by SWISS-MODEL [3] based on the Tn501 Merreductase [5] using PyMOL
(PMOL Molecular Graphics System, Version 1.5.0.1 Schrödinger, LLC)
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1.4.1.2. Biotechnological importance of MerA genes in environmental mercury
detoxification
Industrial processes have led to the accumulation of mercury in the environment with
amounts sufficient to be considered as pollution. The removal of such contaminant has become a
big challenge in terms of cost and time. Chemical and physical decontamination methods such as
the use of bioabsorbents and ion exchange resins are negatively affecting the environment. Yet
the biological treatments methods are more cost efficient, but it creates a massive amount of
mercury-loaded biomass, in which its removal is a challenge by itself. Advances have been
achieved when microbes at contaminated mercury sites developed resistance to the contaminant.
For this reason microbes play a big role in the process of natural detoxification. The bacterial
systems (mer systems) that can resist the mercury ions are among the very successful natural
strategies for decontaminating mercury-contaminated environments. The MerA operon is a very
effective system to perform this purpose via reducing Hg2+ into Hg0 which is volatile and can
diffuse. Consequently bacterial cells act as a catalyst leading into decontaminating mercury
accumulation in the biomass [69].
Mercury resistant microbes were isolated from deep-sea hydrothermal vents and also
terrestrial hot springs [70]. Detection of mercuric reductase in thermophilic and acidic conditions
was also reported at the western edge of the Mohave Desert, southeastern California. Two of
these geothermal pools have a temperature of 78oC, pH of 1.7, and high concentrations of
mercuric sulfide, which because of heat and acidity may oxidize into Hg 2+ [71].
1.4.1.3. A novel metagenome-derived mercuric reductase from the unique deep brine
environment of Atlantis II in the Red Sea
A metagenomic database was established representing the microbial community in the
lower convective layer (LCL) of the Atlantis II brine pool (ATII-LCL dataset) via 454
pyrosequencing technology. Mining this dataset against NCBI non redundant database, an open
reading frame (ORF) of MerA enzyme (GenBank accession No. KF572479) was identified and
showed 91% amino acid sequence similarity to an ortholog form terrestrial (soil) environment
[6] (GenBank accession No. AEV57255.1) (Figure 5). The ATII-LCL MerA and its soil ortholog
showed that their amino acid sequences differ by less than 10% [1].
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Figure 5: Alignment of amino acid residues of ATII-LCL MerA and the soil ortholog
ATII-LCL enzyme presented in black and the soil enzyme in brown. The cysteines 11/14/558/559
highlighted in blue are those involved Hg2+ binding, while cysteines 136/141 highlighted in grey are those
involved in Hg2+ reduction. Sequence below the green line is the dimerization domain conserved among
the homodimeric pyridine nucleotide-disulphide oxidoreductases. The negatively charged substitutions
between ATII-LCL MerA and the soil ortholog are shown in red letters. Boxes (Box1, Box2) involved in
the thermostability of the enzyme are shown [1]. Highlighted in yellow are the amino acids of ATII-LCL
MerA mutated to residues found in the soil ortholog and are the subject of this study (EEL>QGA) and
(DDDD>AAAA). ATII-LCL MerA gene sequence can be found under the GenBank accession No.
KF572479 [1] and the soil ortholog GenBank accession No. AEV57255.1 [6].

The sequencing has revealed that both enzymes have a redox active cysteine disulfide
pair at C136 and C141 [1, 65], the Hg2+ binding site at C558 and C559 pair near the C-terminal [1, 72,
73], and both enzymes have the NmerA domain that carry a pair of cysteine thiol at C11 and C14.
The NmerA domain poses the conserved motif (GMTCXXC) that proven to transfer Hg(II) ions
to the catalytic core when the intracellular thiols are depleted [58, 68].

Despite that the

differences between the two enzymes are limited (less that 10%), yet the ATII-LCL enzyme
showed enhanced catalytic properties under high salt concentration, stable at high temperature,
resistant to high concentration of Hg(II), and efficiently detoxifies Hg (II) in vivo [1]. The ATII19

LCL enzymes have only 52 amino acid differences and 67% of the substitutions in the ATIILCL enzyme are among acidic residues. The major differences are accounted as follow: ATIILCL MerA has 18 less Ala, 11 more Asp, and 20 more Glu in comparison to the soil enzyme.
The ATII-LCL enzyme gained 35 acidic residue, 18 (35%) of them correspond to Ala in the soil
ortholog. The ATII-LCL C-terminal region has two amino acid segments, box1 which is
composed of four residues and box2 which is composed of six residues. Each contains a Proline
and two basic amino acids which are absent in the soil enzyme (basic/proline box1 and
basic/proline box2) (Figure 4A and B). The ATII-LCL MerA was found to be thermostable, it
retained 80% of its activity at 60oC and 50% at 75oC, while the soil homolog was 50%
inactivated at 45oC. Also the ATII-LCL MerA was activated by NaCl and reached its maximum
activity at 4M NaCl, while the soil ortholog was not activated and did not exhibit activity at 4M
NaCl. In terms of mercury inhibition, E. coli cells were sensitive to any concentration of
mercury, while E. coli transformed with recombinant plasmid expressing the ATII-LCL or the
soil enzyme showed inhibition of growth at 80 µg/ml and 20 µg/ml HgCl2 respectively [1]. This
study showed that ATII-LCL MerA enzyme is thermostable, function at high salt concentration
and detoxify high levels of mercuric ions. A series of mutations by site-directed mutagenesis of
some acidic residues located near the catalytic and the binding sites, and replacement of the two
basic/proline boxes in ATII-LCL enzyme by residues in the corresponding soil ortholog,
revealed that the acidic residues are involved in the degree of halophilicity and the two boxes in
the thermostability of the enzyme [1]. A sketch representing the cysteine involved in the binding
and reduction process, and the acidic residues contributing to the halophilicity of the enzyme is
taken from Ahmed and collaborators and represented in Figure 6.
Substitution of the four residues of basic/proline box1 (KPAR) or the six residues of
basic/proline box2 (KVGKFP) by the amino acids of the soil enzyme led to loss of 40 and 70%
of the activity, respectively, when the mutants were incubated for 10 min at 60 oC [1]. While the
double mutant of the two boxes, showed 80% inactivation under the same condition. Therefore,
even in the absence of the two boxes, ATII-LCL mutant enzyme is still has 20% of its activity
when compared with the wild type enzyme.
The catalytic and biochemical properties of ATII-LCL MerA revealed that this enzyme
has novel features regarding themostability, catalytic efficiency at high salt and Hg (II)
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concentrations. These novel properties were found to be due to simple structural changes that
make ATII-LCL MerA a perfect model for further study to reveal structural adaptation to
multiple abiotic stressors.

Figure 6: ATII-LCL MerA Cysteine and acidic residues that participate in the catalytic process and
the high efficiency of the enzyme respectively.
The sketch represents the cysteine residues involved in the binding and reduction process, and the acidic
residues contributing to the halophilicity of ATII-LCL MerA. Sulfer atoms of cysteine colored in yellow.
Carboxylic oxygen of glutamic acid colored in red. Figure taken from Sayed et al [1].

1.5. Objectives of the work
As mentioned earlier, the presence of two boxes, basic/proline box1 and 2, are
responsible of 80% of the thermostability of ATII-LCL MerA. Each box contains two basic
amino acid residues and one proline. The major goal of this work is to explore the following:


If the thermostability of ATII-LCL MerA is due to a potential salt bridge between
some of the gained acidic amino acid residues of ATII-LCL enzyme with one of the
basic residues in the two boxes.



To explore the structural features that contribute to the partial thermostability of
ATII-LCL MerA mutants in which the two boxes were replaced by residues found
in the soil ortholog.
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To that end, the three-dimensional structural of the enzyme was examined to locate acidic
residues that have enough proximity with one of the basic residues in the two boxes for potential
formation of salt bridge. An aspartic residue located at position 416 of the primary structure of
ATII-LCL enzyme was found to have enough proximity with Lysine 342 in basic/proline box1.
This aspartic acid residue is one of four residues, 414DDDD417, that replaced four alanine residues
in the soil enzyme. Kinetic analysis of ATII-LCL enzyme mutant in which the four aspartic acid
residues, 414DDDD417, were replaced by alanine, 414AAAA417, showed that indeed one of the four
aspartic residue–most probably D416–is essential for partial thermostability of the enzyme. The
work also indicates that potential salt bridges between Aspartic 416 and Arganine 420 and
potentially Lysine 543, from the second subunit, may be required for full thermostability of
ATII-LCL MerA.

2. Materials and methods
2.1. Sample collection
Samples were collected by others from the Atlantis II deep lower convective layer (LCL),
latitudes 21° 13’N and 21° 30’N and longitudes 37° 58’E and 38° 9’E during the
KAUST/WHO/HCMR Red Sea expedition 2010. Water was collected by serial filtration using
membranes of different pores size 3, 0.8, 0.1 µm filters. Then the environmental DNA was
extracted from the microbes separated by 0.1 µm pores filter via the Marine DNA isolation kit
(Epicenter, USA). [1]

2.2. Identifying the ATII-LCL MerA ORF
The environmental lower convective layer (LCL) DNA was sequenced by DNA
pyrosequencing technology using GS FLX titanium pyrosequencing Kit (454 life sciences). A
database was then constructed to represent the LCL DNA in silico in about 4 million reads.
Reads were then assembled using Overlap Layout Consensus (OLC) GS Assembler (Newbler)
the ATII-LCL MerA ORF (GenBank accession No. KF572479) was detected in an operon when
BLAST against the nr (non redundant) database and found to be 91% similar to another soil
ortholog MerA enzyme (GenBank accession No. AEV57255.1).
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2.3. Three dimensional representation of the enzymes (3D Modeling)
The three dimensional structure model of ATII-LCL MerA was done by SWISS-MODEL
[3] based on the Tn501 MerA reductase (GenBank accession No. CAA77323.1) [5]. Labeling
of mutations positions, specific atoms or residues on the final three-dimensional models of the
ATII-LCL MerA was performed using PyMOL (PMOL Molecular Graphics System, Version
1.5.0.1 Schrödinger,

LLC).

The proximity of the three mutation sites to other residues

conducted by ESBRI web tool of detecting potential salt bridges [1].

2.4. MerA enzyme: ORF isolation, sequencing and cloning
Single pair of primers was designed and used earlier for isolation of the ATII-LCL MerA
coding sequence from the LCL environmental or metagenomic DNA by our laboratory from
consensus regions of the assembly. Many resulted amplicons were then ligated into TOPO TA
sequencing vector (Invitrogen, USA) and sequenced by Sanger dideoxy method via 96-capillary
ABI 3730XI DNA sequencer. One of the clones showed a halophilic signature and was 91%
identical to the soil ortholog. Both sequences (Atlantis and soil) were synthesized after
performing codon optimization for expression in Bl21, E.coli (Genescript, USA). [1]

2.5. Site-directed Mutagenesis construction
Mutations were conducted by QuikChange II Site Directed Mutagenesis Kit (Agilent
technologies, USA). The ATII-LCL MerA and ATII-LCL MerA double mutant genes (has the
two boxes residues replaced with the soil ortholog corresponding residues) were ligated in pETSUMO plasmid were both used as templates. Table 1 shows sets of primers used in the
generation of designated mutations; (a) in the first mutation called ATII-LCL MerA414›417D›A
the primers were used to substitute the

414

DDDD417 with

414

AAAA417 on the ATII-LCL MerA ,

(b) the second mutation called M15/M16414›417D›A where the same primers were used to
substitute the

414

DDDD417 with 414AAAA417 but on a ATII-LCL MerA double mutant enzyme

(designated as M15/M16 in a recent study [1])

and (c)

the third mutation called

M15/M16382›384E›Q that inserts Gln, Gly, Ala instead of Glu, Glu, Leu respectively; (E382Q,
E383G, L384A) on a ATII-LCL MerA double mutant enzyme (M15/M16), using the
primers mentioned in Table 1.
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Table 1: Details of the Site-Directed Mutagenesis (SDM)
Mutation

Position

Primer sequence

aa

5’CGCAGTTTGTGTATGTGGCTGCTGCTG

Atlantis

Soil

CTGGCACCCGCGCGGCG3’* (44 nt)

(from)

(to)

DDDD

AAAA

414 to 414

ATII-LCL

nt

MerA414›417D›A

1240 to

Alignment with template

SDM

4 aa

1251

(1)

4 nt
aa

Primer sequence

414 to 417

5’CGCAGTTTGTGTATGTGGCTGCTGCTG

Atlantis

Soil

DDDD

AAAA

CTGGCACCCGCGCGGCG3’* (44nt)
414›417

M15/M16

D›A

(2)

nt

Alignment with template

1240 to
1251
4 aa
4 nt
aa
382 to 384

Primer sequence

Atlantis

Soil

EEL

QGA

5’TGGCGTGACCGTGAACGCGCAG
GGAGCGATTGCGATTGATCAGGGC3’*
(46 nt)

M15/M16382›384E›Q
(2)

nt

Alignment with template

1145 to
1152
3 aa,
5 nt

*Highlighted in yellow are the codons to be mutated, nucleotide (nt), amino acid (aa).
(1) The mutation was done on the wild type ATII-LCL template.
(2) The mutation was done on a double mutant ATII-LCL template (M15/M16), (both thermostability
boxes substituted with the soil enzyme corresponding residues.

The mutations were conducted as recommended by the kit as follow; 50µl (50 ng
plasmid, 125 ng of each primer, 1µl dNTPs, 1x reaction buffer, to 50 µl by sterile distilled water,
then adding 1 µl PfuUltra High-Fidelity DNA polymerase “2.5 U”). The primers melting
temperatures were calculated using the following formula (Tm = 81.5 + 0.41 (%GC) - (675/ N)
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- % mismatch) supplied by the kit, then the reaction was done as shown in Table 2. The
reactions where then placed on ice for 2 min to cool down to 37oC, then 1µl (1 unit) of Dpn I
restriction enzyme were added to each reaction to digest the methylated DNA and incubated for
1 hr at 37oC.

Then, the chemical XL1-Bluesupercompetentcells supplied by the kit were

transformed by only 1µl from the Dpn I treated reactions and incubated at 37oC overnight on 100
µg/ml ampicillin agar plates. Transformation was confirmed by colony PCR using SUMO
forward and T7 reverse sequencing primers and genes appeared within expected size.
Table 2: PCR conditions used in the site-directed mutagenesis
Step
Initial denaturation

Temperature

Time

95oC

30 sec

16 cycles
Denaturation

94oC

30 sec

Annealing

79oC

60 sec

Extension

o

7 min*

68 C

*1 minute of extension for each 1kb of the template.

2.6. MerA enzyme: expression and purification
The mutant plasmids were extracted from XLI blue cells via PureYield TM Plasmid
Miniprep System (Promega, USA), then transformed to BL21(DE3) One Shot ® Chemically
Competent E. coli supplied by Champion™ pET SUMO Protein Expression System (Invitrogen ,
USA). Cells were incubated overnight at 37oC on 50 μg/ml kanamycin LB agar plates. Single
colonies were collected for starter cultures and incubated overnight on 50 μg/ml kanamycin LB
broth at 37oC with shaking, then the cultures were scaled up to 250 ml cultures (50 μg/ml
kanamycin LB broth at 37oC with shaking) next day. Cultures were incubated until the optical
density (OD) of 0.4 was obtained in 50 μg/ml kanamycin LB broth at 37oC with shaking, then
the expression was induced. Cultures were induced using 1 mM isopropyl –β-D-thio-galactoside
(IPTG) for 3hr at 37oC with shaking. Cells were then pelleted by centrifugation at 14,000g for 15
min and the supernatant was decanted. The pellet collected media was suspended in 1 ml binding
purification buffer (20mM sodium phosphate, 500mM NaCL, 40mM Imidazole). Afterwards,
this concentrated pellet was lysed by three times freezing and thawing, followed by 10 times
sonication of 30 seconds on and off intervals. Then cells were centrifuged at 14,000g for 15 min
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to get rid of cell debris. The collected supernatant was filtered and the applied to nickel affinity
column to be purified via AKTA purifier (His Trap HP, GE healthcare). The following buffers
were used; binding buffer (20mM sodium phosphate, 500mM NaCL, 40mM Imidazole), elution
buffer (20mM Sodium phosphate, 20mM NaCL, 500mM Imidazole) pH 7.4. The purified protein
is then examined on 12% SDS gels. Finally the purified proteins were dialyzed overnight in
phosphate-buffered saline buffer (pbs buffer) and then stored at 20 oC to liberate the imidazole.
Then the purified proteins were quantified using BCA Protein Assay Kit (Thermo Scientific
Pierce, USA).

2.7. Enzyme assay
The purified enzymes were incubated with assay mixture; 80mM sodium phosphate
buffer (pH 7.4), containing 200 µM NADPH, 100 µM HgCl2, 20 µM FAD and 1 mM βmercaptoethanol at 37oC. The rate of NADPH consumption was monitored at 340 nm using
Shimadzu UV-1800 spectrophotometer. The unit of enzyme activity is defined as the amount of
enzyme required to catalyze Hg2+ -dependent oxidation of 1 µmol NADPH/min [64], NADPH
extinction coefficient of 6.22 x 103 was used [64].
2.7.1. Heat stability analysis
The enzymes were incubated at various temperatures for 10 min and then the assay was
done as described above. The residual activity of each tested enzyme is compared to the ATIILCL MerA enzyme incubated at 25oC as a reference. All the enzyme assays were done in
triplicates.

2.7.2. Salt stability analysis
The enzymes were incubated at different concentrations of NaCl ranging between 0.5 to 5
molars at 37 oC. All the enzyme assays were done in triplicates.

3. Results and Discussion
Comparing the primary structure of ATII-LCL MerA with its soil ortholog shows just 9%
differences between them [1]. However, when both expressed from codon-optimized genes in
pET-SUMO (Invitrogen, USA) expression vector, the metagenomic ATII-LCL MerA enzyme
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showed to bear high HgCl2 detoxification activity, stability to elevated temperatures and salinity.
This pattern matches the environmental conditions of Atlantis II brine pool [74]. In addition the
results indicated that the ATII-LCL MerA belongs to a microorganism that adapted the salt-in
strategy. As early mentioned, most of the structural dissimilarities between both orthologs were
among acidic residues that have been gained by the ATII-LCL MerA. To understand how these
structural differences contribute to these unique properties, a series of mutations were developed,
by Sayed and collaborators [1], including some selected acidic amino acids, and the two
basic/proline boxes in the ATII-LCL MerA, by residues found in the soil ortholog [74]. As
mentioned earlier, mutations of the two basic/proline boxes of the ATII-LCL enzyme affected its
thromostability–substitution of basic/proline box1, basic/proline box2, and the double mutants
basic/proline box1/box2 led to loss of 40%, 70%, and 80% respectively at 60oC [1]. It is
important to mention that mutations of these boxes did not affect the halophilicty of the enzyme.
To examine how these boxes contribute to the thermostability, the three-dimensional model of
the ATII-LCL enzyme was searched for amino acid residues with positive charges that have
enough proximity with the basic amino acids in the two basic/proline boxes that potentially
capable of establishing an ionic bond, and contribute to the observed thermostability of the ATIILCL enzyme.

3.1. 3D modeling of the mutant enzymes
The structural modeling of ATII-LCL protein was determined based on the Tn501
Mercuric reductase [5] and is presented in Figure 7. Searching the ATII-LCL MerA model for
residues with potential proximity to establish ionic bond with basic amino acids in the two boxes
indicated that aspartic 416 within the a segment of four aspartic residues 414DDDD417 has enough
atomic proximity with lysine 432 in basic/proline box1. The potential of aspartic 416, and the
rest of the aspartic residues in the segment

414

DDDD417, to form ionic bonds with other polar

groups within a cut off 5.0 Å in the molecule was then examined using PyMOL software (PMOL
Molecular Graphics System, Version 1.5.0.1 Schrödinger, LLC) and ESBRI web tool. This tool
specifically detect potential salt bridges [75]. Both softwares results were consistent and only
significant interactions are listed in Table 3.
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Figure 7: 3D Modeling of ATII-LCL MerA showing residues in box1, Lys 432, and
414
DDDD417 that potentially form ionic bonds
The figure shows the amino acid residue highlight in this work. In the monomer view panel (A) and the
homodimer view panel (B). Refer to Figure 4.
The 3D models were done by SWISS-MODEL [3] based on the Tn501 Merreductase [5] using PyMOL
(PMOL Molecular Graphics System, Version 1.5.0.1 Schrödinger, LLC)
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Table 3: Atomic proximity of the atoms forming the potential salt bridges.
Residue
Asp
Asp
Asp
Glu

Position

Atom

Monomer

416
416
416
383

OD1
OD2
OD1
OE1

A
A
B
A

Residue
Arg
Lys
Lys
Arg

Position
420
432
543
368

Atom Monomer
NH1
NZ
NZ
NH2

A
A
A
A

Distance (Å)
4.31
4.33
4.98
3.96

The table shows the potential salt bridges participated by the aspartic acid residues 416 (Asp 416) and all
other polar residues in the enzyme dimer, also showing a potential salt bridge participated by Glu 383.
Distances in the table were generated via ESBRI web server, with a cut off 5.0 Å. The proximity of Asp
416 carboxylic oxygen (OD1) to the more reduced amino group (NH1) Arg 420 amino group proposes an
intrahelix stabilization, as both of them are located on the same α-helix. Asp 416 hyrdoxyl group oxygen
(OD2) (carboxylic group) and Lys 432 amino group are 4.33Å proposing an intamonomer stabilization
level. The interaction between Asp 416 carboxylic oxygen (OD1) and Lys 543 amino group (NZ) stays
valid of the other monomer, where it can be of an importance to the enzyme dimmer stability. Glu 383
carboxylic oxygen (OE1) is 3.96 at Å from the Arg 368 amino group (NH2 the most oxidized group).
Distances in the table were generated via ESBRI web server and PyMOL (PMOL Molecular Graphics
System, Version 1.5.0.1 Schrödinger, LLC)

The result shows that aspartic 416 have enough proximity of 4.33 Å with lysine 432 in
basic/proline box1 within the same enzyme monomer, with Arginine 420 located in the same alfa
helix (4.31 Å), and with lysine 543 located in the other subunit (4,98Å). The localization of the
lysine 432 in basic/proline box1 and aspartic 416 in the

414

DDDD417 segment within the 3D

structure of the protein is presented in Figure 8A and B. Figure 8 shows also the position of
arginine 420 and lysine 543 and their proximity with aspartic 416.
To examine the potential involvement the

414

DDDD417 segment in the thermostabelity of

ATII-LCL enzyme, two mutants were generated by site directed mutagenesis, the proteins were
expressed in E. coil, purified, and their halophilic nature of the enzyme, and its thermostability
were examined.
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Figure 8: Potential ionic interactions of Asp 416 in 414DDDD417
The figure provides a magnified visualization of all the interactions listed Figure 7 and Table 3. Panel A
present carton of the structure and interaction of the residues in question. The proximity of interactions
between the residues are shown in panel B.
The 3D models were done by SWISS-MODEL [3] based on the Tn501 Merreductase [5] using PyMOL
(PMOL Molecular Graphics System, Version 1.5.0.1 Schrödinger, LLC)

3.2. Site directed mutagenesis of ATII-LCL, expression and purification of the mutants
The nucleotide sequences of the ATII-LCL MerA gene was chemically synthesized
(Genescript, USA) with optimized codons for expression in E. coli [1]. Using site directed
mutagenesis (QuikChange II Site-Directed Mutagenesis Kit), the

414

DDDD417 segment was

substituted by four alanine present in the soil ortholog, generating mutant ATII-LCL
MerA414›417D›A (see Table 1). In addition, a second mutant was generated in which ATII-LCL
M15/M16 MerA [1] was subjected to a second round of mutagenesis to substitute the
414

DDDD417 with 414AAAA417. This ATII-LCL MerA mutant therefore (M15/M16414›417D›A) has

the two basic/proline boxes and the

414

DDDD417 segment substituted with residues found in the

mesophilic soil enzyme. The mutated genes were then cloned into pET-SUMO (Invitrogen,
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USA) expression vector, expressed in E. coli, purified and the halophilicity and thermostability
of the enzyme were examined.
All mutant enzymes were purified using the His-tag affinity approach on an AKTA
purifier instrument. Figure 9 shows the His-tag affinity purified enzymes as analyzed by SDSPAGE. The single protein bands, as expected show an apparent molecular weight of 73 KDa.
These recombinant enzymes are expressed as fusion protein composed of 60 KDa enzyme and
13 KDa SUMO domain. It is interesting to mention that the mutations mentioned above did not
affect the level of the expression of the proteins in E. coli or the purification process. As early
mentioned in the materials and methods section, that synthetic genes with optimized codon in for
expression E. coli were used (Genescript, USA).
3.3.3. Characterization of the mutants
In this work, the effects of temperature and increasing NaCl concentration on the mutant
activities were performed and compared to the ATII-LCL MerA and the soil mesophilic
ortholog. Comparisons were performed with the wild type ATII-LCL MerA, soil ortholog and
the two mutants: the first is
414

414›417

D›A in which the

414

DDDD417 segment was substituted with

AAAA417, and the second has the two basic/proline boxes and

414

DDDD417 were substituted.

As mentioned earlier all the substitutions were performed to change the ATII-LCL MerA
residues with that found in the soil ortholog.
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Figure 9: Analysis of the purification of ATII-LCL MerA and its mutants by
SDS-PAGE
(A) The figure shows examples of the induction process for ATII-LCL MerA and ATIILCL MerA414-417D>A. Cultures of E. coli harboring the indicated plasmid were grown
to the mid log phase and then induced with IPTG as described in material and
methods. Aliquots were analyzed by SDS-PAGE before and after induction as shown
in the figure.
(B) (C) & (D) Purified fractions collected from effluent of the His-tag column during the
purification process on AKTA purifier instrument
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3.3.3.1. Halophilic properties of the mutants
A sketch presentation of part of the wild type ATII-LCL, soil ortholog, and the mutants
are presented in Figure 10. This part of the molecule belongs to residue 361 to 480, that contains
the two boxes and the stretch of the four aspartic acids,

414

DDDD417. To facilitate following up

on the results, the sketch of each enzyme is presented on the top of the figure to which it belongs.
For clarity, the result obtained by Sayed and collaborates [1] is presented in Figure 11.
The effect of increasing the concentration of NaCl on the enzyme activities shows that all
the ATII-LCL mutants are activated by NaCl in a manner almost identical to the wild type
enzyme with a maximum activity attained at 4.0 M NaCl. The NaCl, as expected, does not
activate the soil enzyme; in fact the enzyme shows a gradual inhibition by increasing the salt
concentration. This results show that substitutions of the 414DDDD417 segment by 414AAAA417, in
mutant ATII-LCL414›417D›A, and the triple mutant ATII-LCL M15/M16414›417D›A, in which both
boxes and the 414DDDD417 segment were substituted with residues found in the soil ortholog, did
not affected the halophilic properties of the enzyme. Therefore this acidic segment is not
involved in the activation of the wild type enzyme by salt (Figure 11).

Figure 10: Sketch showing part of ATII-LCL and its mutants, from residue 361 to 480
(refer to figure 5) presenting the two boxes (box1 & 2) and 414DDDD417
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Figure 11: The effect of increasing concentration of NaCl on ATII-LCL MerA, soil
ortholog, and mutants M15, M16 and M15/M16. Taken from Sayed et al. [1] and the
mutants; ATII-LCL 414>417D>A and M15/M16 414>417D>A generated in this study.
3.3.3.2. Thermostability of the ATII-LCL MerA mutants
The purified ATII-LCL MerA, M15, M16, M15/16,

414›417

D›A, and M15/M16414›417D›A

were examined for their thermostabilities by incubating each mutant at the indicated temperature
– ranging from 25oC to 80oC – for 10 min, and the residual activity was then measured. The
stability of ATII-LCL MerA M15, M16, and M15/16 were reported before by Sayed and
collaborators [1] and are presented her for comparison reason. The stability of the ATII-LCL
enzyme, its soil ortholog, and the mutants in which the amino acid residues in basic/proline
box1, basic/proline box2, and the double mutant box1/box2 (M15/16)were substituted with those
found in the soil enzyme, reduced the thermostability of the ATII-LCL MerA by 20%, 40%,
70%, and 80% respectively at 60oC (Figure 12 and Table 4).
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Figure 12: Thermostability of ATII-LCL MerA and mutations generated by Sayed and
collaborators.
Each enzyme has its corresponding structure sketch on the top of the figure. Taken from Sayed et al [1]

Substitution of the
resulted in a mutant

414

414›417

DDDD417 segment with those found in the mesophilic soil enzyme

D›A that show thermostability profile comparable to that of M15

(Figure 13 panel A). Therefore, it is reasonable to suggest that the

414

DDDD417 contribute to the

thermostability of the ATII-LCL enzyme through interaction with the basic/proline box1. In fact,
aspartic 416 within the

414

DDDD417 segment has enough proximity of 4.33 Å with lysine 432 in

the basic/proline box1 (Table 3) indicating a potential ionic bond between basic/proline box1
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and

414

DDDD417 through lysine 432 and aspartic 416. The localizations of aspartic 416 and

lysine 432 are shown in Figure 14.

Figure 13: Thermostability of ATII-LCL MerA and mutations generated in this study,
ATII-LCL 414DDDD417 D>A and M15/M16 414DDDD417 D>A
A & B) Each enzyme has its corresponding structural sketch on the top of the figure.
C) Sketch of the wild type and mutants generated by Sayed et al. [1]

Table 4: Thermostability of the assayed enzymes at 600C

Percentage of enzyme activity at 60 0C
AT.II
merA
84.73

Soil
merA
2.58

ATII-LCL
M15/M16414›417D›A
2.68

M15
56.7
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ATIILCL414›417D›A
55.4

M16

M15/M16

26.8

17.2

Figure 14: Atomic proximity of aspartic 416 with lysine 432
A) Carton present part of the 3D structure showing the 414DDDD417 stretch located on an α helix facing Box1
residues located on an unstructured loop, at the end of the dimerization domain
B) Carton on the right shows sticks of the amino acid residues shown in panel A.

Also see Figure 8. The 3D models were done by SWISS-MODEL [3] based on the Tn501 Merreductase [5]
using PyMOL (PMOL Molecular Graphics System, Version 1.5.0.1 Schrödinger, LLC)

Substitution of just basic/proline box2 (M16) with sequence found in the mesophilic soil
enzyme reduced the thermostability to 70%, while substituion of both boxes (M15/M16) reduced
the thermostability to 80% at 60oC. Therefore, it is seems that basic/proline box2 do not have an
interaction with 414DDDD417. In fact the two basic residues in box2 (lysine 465 and 468) have no
proximity with any of the four aspartic in the segment
To further analyze if

414

414

DDDD417 (Table 3).

DDDD417 contributes to additional thermostability of the ATII-

LCL enzyme, the double mutant M15/M16, in which both boxes were substituted, was subjected
to a second round of muatgenesis to substitute

414

DDDD417 to sequences

414

AAAA417 found in

the mesophilic soil enzyme. This mutant, ATII-LCL M15/M16414›417D›A, was then examined for
activation by NaCl and its thermostability was examined. As shown in Figure 12, the mutant
was activated by NaCl in a manner identical to the ATII-LCL enzyme. Therefore, the two boxes
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and the

414

DDDD417 are not involved the halophilicty–separately or collectively–of the ATII-

LCL enzyme.
This triple mutant however displayed additional difference related to the thermostability
of the ATII-LCL MerA. It is important to mention that substituting the two basic/proline boxes
did not abolish completely the thermostabelity of the ATII-LCL enzyme, as the M15/M16
mutants still retains 20% of the activity at 600C, while the soil enzyme was found to be inactive.
Interestingly, the triple mutant ATII-LCL M15/M16414›417D›A shows a profile of thermostability
comparable to the soil enzyme, i.e, these mutations abolished completely the thermostability of
the enzyme (Figure 13 plane B). The results presented here indicated that full thermostability of
the ATII-LCL MerA requires the two basic/proline boxes and the 414DDDD417.
The fact that in the absence of the two boxes and the presence of the

414

DDDD417

segment (mutant M15/M16), the mutant still have partial thermostability when compared to the
soil ortholog (Figure 12C) suggests that the

414

DDDD417 have additional interaction with

residues other than the two boxes. The three-dimensional model of the ATII-LCL indicates
potential proximity of aspartic 416 in establishing ionic bonds; with arginine 420 within the same
alfa helix (Figure 15A and Table 3), and inter-subunit interaction with lysine 543 located in the
second subunit of the dimer (Figure 15B and Table 3). This proximity of aspartic 416 to
arginine 420 and lysine 543 may contribute to the 20% thermosatbility of the M15/M16 when
compared with its mesophilic soil ortholog.
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Figure 15: Proximity of Aspartic 416 non boxes residues
A) Proximity of Asp 416 to Arg 420 (intramonomer)
B) Proximity of Asp 416 to Lys 543 (intermonomer)
Also see figure 8. The 3D models were done by SWISS-MODEL [3] based on the Tn501 Merreductase
[5] using PyMOL (PMOL Molecular Graphics System, Version 1.5.0.1 Schrödinger, LLC)
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The potential participation of the pair of glutamic acid residues, E382 and E383,
M15/M16382›384E›Q, in the halophilic and or the thermostability of the ATII-LCL MerA were
also examined in this work. Substitution of this pair of glutamic acid with residues found in the
soil ortholog–glutamine and glycine–did not have observed effect on the halopilicity or the
thermostability of the ATII-LCL MerA as shown in Figure 16A and B respectively. These acidic
residues projects towards the surface of each monomer (Figure 17). They may be participating
in interactions with surrounding molecules as the acidic residues are reported to be more
recruited on the surface on thermophilic and halophilic enzymes [40], also ionic bonds could be
involved in interactions with other proteins subunits [54].

Figure 16: Halophilicity and thermostability of the mutant enzyme M15/M16 382>384E>Q
A) Halophilicity of the mutant.
B) Thermostability of the mutant
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Figure 17: 3D modeling of ATII-LCL MerA showing residues 382EEL384
Only one monomer of the enzyme is shown. The 3D models were done by SWISS-MODEL [3] based on
the Tn501 Merreductase [5] using PyMOL (PMOL Molecular Graphics System, Version 1.5.0.1
Schrödinger, LLC)

Although the work presented in this thesis has shown the importance of box1 and
414

DDDDD414 in the thermostability of the ATII-LCL MerA, it did not identify the basic

residue(s) in box1 and acidic residue(s) in

414

DDDDD417that participate in such stabilization.

However, the 3D model of the ATII-LCL has pinpointed to lysine 432 in box1, and aspartic 416
in the

414

DDDDD417 segment as candidates with atomic proximities that are capable of

establishing an ionic bound. Site-directed mutagenesis of these residues will then be needed to
confirm the potential interaction shown in the 3D model (Figure 14).

In addition to the presence of two basic residues, box1 has a proline residue that known
to reduce the structural flexibility of polypeptide region containing it due to the cyclic structure
of proline’s side chain as a result to the formation of the pyrrolidine ring. Indeed, the presence of
proline in critical region of the molecule has shown to be involved in the thermostibility of
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different enzymes [49, 50]. This fact is most probably contributes to the thermostibility of ATIILCL MerA together with basic residues in this box. Side-directed mutagenesis of proline in this
box1 is required to examine its role in the thermostability of the enzyme.

Box2 has also two basic and one proline residues (Figure 5) and it was shown to have a
major role of the thermostability of the enzyme [1] (Figure 12).

4. Conclusions and perspectives
4.1. Conclusions
 The work presented in this thesis has contributed to the understanding of following
structural-functional aspects of ATII-LCL MerA:


The four aspartic acids residues from 414 to 417, 414DDDD417, participate partially in the
thermostability of ATII-LCL.



Full thermostability of the ATII-LCL MerA requires the two basic/proline boxes, and the
414

DDDD417 since M15/16 mutant has 20% of the maximum activity observed with the

wild type MerA, while the triple mutants M15/M16414>417D>A shows mesophilic
property comparable to the soil ortholog.


The 3D modeling of the ATII-LCL shows enough atomic proximity to establish ionic
bond between the following residues:



Aspartic 416 and;


with lysine 432 (in box1)



with arginine 420 (within the same alfa helix)



with lysine 543 (from the second subunit)

4.2. Perspectives
The work presented in this thesis pinpoints to the following residues for future sitedirected mutagenesis to define their direct role in thermostability of the ATII-LCL MerA:
Individual site directed mutagenesis of the 414DDDD417 particularly aspartic 416
Sire-directed mutagenesis of the following residues:


Arginine 420
42



Lysine 432 in box1



Lysine 543 in the second subunit



Proline 433 in box1
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